The thermal behaviour of storm runoff from paved surfaces \Vas studied at two different urban catchments in order to detem1ine the reliability of some statistical modeling techniques. Three tasks formed the bulk of the statistical analysis: graphical observations of thennal trends, analysis ofthe event mean temperature (EMT), and analysis of thennal exponential decay theory. The thermal trends were explained by equilibrium of thermal influences, based on the physical interaction of runoff and paved surfaces. The EMT was found to be dependent only on the air temperature at the time of the event and the event duration. 111e decay theory showed good agreement '1-Vith recorded temperature decrease during storm events, however closer analysis revealed that the decay parameters could not be expressed reliably as a function of the event variables. It was concluded that this modeling technique has serious limitations when daily mean, maximum and minimum air temperatures are used for determination of event air temperature.
128

Thermal Enrichment of Storm Runofffrom Paved Areas
The increased volume of runoff has been shown to thermally enrich the receiving waters in a number of ways (James and Verspagen, 1996) . Erosion of existing watercourses into wider and shallower pools, coupled with a reduction in the number of shade-providing trees, leads to a greater volume of water exposed to solar rays. The warmed volume is released in a rapid and potentially destructive pulse after a rainfall. However, the single greatest contributing factor is the ability of the asphalt surface to absorb atmospheric heat and solar radiation. Rain water falling on the surface is heated before it is drained away. It has been found that man-made modifications raised seasonal temperatures of an urban river by 3 to 5°C (Murakawa et aI., 1991; James and Xie, 1998) . This could have serious environmental impacts on certain aquatic species (for exam pie cold water fish), and their ability to survive in the warmer conditions.
Data and Methods of Analysis
.1.1 Available Data
Data was analyzed from two different urban areas: from Lund, Sweden, and Belgrade, Yugoslavia. The Lund catchment (Sponberg and Niemczynowicz, 1992, Sponberg and Niemczynowicz, 1993) was situated within a car-park and covered 270 m 2 ofthe asphalt surface. Atthis catchment, 68 events \vere recorded reliably from June to November, 1991. Atthe Miljakovac catchment (Deletic and Maksimovic, 1998) in Belgrade, which covered 211 m 2 of an asphalt street, 23 events were recorded reliably. The tarmac surfaces were in similarly good condition at both catchments. To allow for fair comparison of the results, similar recording instrumentation was employed at either site.
The recorded variables comprised rainfall data and runoff data. The rainfall data was collected by tipping bucket rain gages (0.2 mm/tip) which continuously recorded rainfall intensity. The runoff measurements included runoff rate and runoff temperature' (besides other water quality characteristics) at 10 second intervals throughout the course of an event. The temperature probe was placed in a small container (of volume less then 400 ml) through which water ran continuously during a storm event. The recording process was initiated by the firsttip ofthe rain gage and was discontinued ifnotfollowed by another tip within 20 minutes of the previous one. The detailed description of the experimental catchments, monitoring program, and data gathered are now available in the following publications: Deletic et aI, 1997 , Deletic and Maksimovic, 1998 Air temperature was recorded by local meteorological stations in the form of daily mean, ma,ximum and minimum, therefore the actual air temperature was unknown at the onset of rain. In order to be consistent in determining the event air temperature, T, the following guidelines were devised as shown in Table 7 .1. Graphical observations. Runofftemperature was plotted against runoffflow rate fur the duration of each recorded event so that the main trends could be determined. Three main trends were evident, as shown in Figure 7 .1 of Lund event 132, which is broadly representative of all events. The most immediate was that of an overall decrease in runoff temperature during the event """.,,~,'''n (Trend The trend was observed in 63 of the 68 Lund events and 18 of the 23 events recorded at Miljakovac, corresponding to 89% of all recorded events. The second trend was that the runoff temperature decreases most rapidly during runoff discharge peaks (Trend 2) and it was found to occur in all events. The third trend wa..;; a constant runoff temperature at the end of the event (Trend 3), suggesting that an equilibrium state had been reached. 67% of aU recorded events showed this with 25% experiencing a rising final temperature and the remaining 8% still experiencing a temperature decay. 
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All trends can be explained by considering the thennal exchange processes between the paved surface and the rainfall water. Immediately before the first rain drops reach the surface there exists a large temperature difference between the warm surface and the cooler rain water. When contact occurs the rain water acts to cool the surface which simultaneously heats the runoff. The influence one exerts on the other is dependent on the volume of run off and the magnitude of the temperature difference. Therefore, Trend 1 is a result ofthe net cooling effect of the rain. Trend 2 highlights the point in the event where the cooling effect is at a maximum. This corresponds to a large volume of cooling rain water hitting the surface, i.e. a runoff peak. The final trend, that of a constant runoff temperature, indicates that smface and runoff have equal temperature, and have reached an equilibrium of thermal influence. Events showing a rising final runoff temperature have surpassed this state, and the surface re-absorbs the lost heat and thus wanns the last trickle of nmoff. Events experiencing a falling final runoff temperature have not yet reached the thennal equilibrium state. (7.1)
Event Mean Temperature (EMD
The objective was to detennine which oHhe event variables the EMT was dependent on, and to what extent. It was hypothesized that EMT depends on a single or a group of the following event variables: event air temperature, T Since it was expected that air temperature would have the most dominant influence on the EMT, a similar analysis was calTied out on a nonnalized event mean temperature (EMT*). Absolute temperature scale (OK) was used for calculating normalized EMT*, as shown in Equation 7.2.
j Data and Methods of Analysis EMT+273
EMT*=
T+273
where EMT and T are in 0c.
(7.2)
Statistical methods. Various statistical techniques were used to test the hypotheses listed above. The linear cross-correlation coefficients R were calculated, as well as their corresponding p, from the Student's t-test (the significance levels of calculated R values were detennined using a standard Student's t-test). As a measure of non-linear association, the rank correlation coefficients, R f , were also calculated for each pair. This is a standard statistical procedure to examine a possibility of a non-linear correlation between two variables. The significance of the rank correlation coefficients, Pr' were also calculated (p-value from Student's t-test). It was assumed that a relationship exists between two variables ifthe calculated p-value (p for linear or P r for non-linear relationship) is less than 5%.
Correlation analysis offers no infom1ation about the nature of variable relationships, so regression analysis, including multiple regression analysis, was used from which significance tests were cal1'ied out and standard errors were determined.
Exponential decay of storm runoff water temperature
Thermal decay theory is an attempt to mathematically describe observed overall temperature decrease during one storm event by means of an exponential function. This simplified model was proposed by James and Verspagen, (1996) in the fonn of the function shown below. Decay parameters A and B were detemlined for each individual event by performing regression analysis on the runofftemperature data recording during that event, as well as the coefficient of detennination between the exponential function and the actual temperature decay. When aU the values had been calculated, the reliability of the method, and the existence of any relationships between decay parameters and event variables were investigated. The statistical methods used were similar to those described earlier.
Results and Discussion
Event mean temperature (EMT)
TI1e linear correlation coefticients, R and their corresponding p, between EMT and event variables are given in Table 7 .2 along with the rank correlation coefficients, Rr and their corresponding Pro Also included are standard errors of linear regression, Stand. Err., and the mean event variable values, MEV, to offer an indication of the main differences between the catchment areas.
Air temperature during the event, T, is the most important variable in determining EMT, as Table 7 .2 shows. This can be explained easHy by the fact that the rain and surface temperatures throughout the course of an event are heavily dependent on the air temperature. The scatter charts ofT vadable versus the event EMT value are shown in Figure 7 .2 for both catchments. The Lund relationship is more certain than at Miljakovac, but both appear to indicate a !inear interdependency between the recorded event air temperature, T, and the EMT (p=2.2% for Miljakovac and p=O.O% for Lund). n.os
The definition of EMT (Equation 7.1) shows that it is a function of runoff discharge and rain duration. As expected, EMT was found to have a good correlation with event duration, D, and this is a negative and nOll-linear relationship as shown in Figure 7 .3, and in Table 7 .2 (P r =O.5% for Miljakovac and , 
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Pr=O.l % for Lund). In this analysis the discharge was represented only by the event variables Qmean and Qmax' This simplification of an often rapidly changing runoff property is seriously misleading and as a result, neither correlated well withEMT.
A series of multiple regressions showed that T and D were sufficient for the prediction of EMT using this standard statistical method. \Vhen only these two independent variables were included, the following linear multiple regressions were found: Miljakovac: Lund: EMT = 8.6 x 10-5D + O.026T ~ 1.022 EMT = 0.0028D + O. 0788T -1.836 ( 7.4) (7.5) where the multiple regression coefficients 'were 0,63 for Miljakovac and 0.93 and Lund. The multiple coefficients for long transformed linear regressions were slightly smaller than these figures for both catchments. It should be noted that for the Lund catchment only T could be used for reliable prediction of EMT (sec Table 7 .2).
The nonnalized event mean temperature, Ef\.H* did not correlate with any of the event variables listed above.
The biggest question raised by the analysis was the greatly differing int1uence ofT between catchments, as shown by the respective scatter charts. It was noted that the temperature probe at MUjakovac was less sensitive than at Lund, butthe difference is too great to be entirely due to a slight disparity beh'veen the equipment. The suitability of the air temperature guidelines are suspect, as the climates may show significantly contrasting temperature pattt~ms. However, even if the guidelines were appropliate, the Belgrade values ofT are still more prone to eITor due to a greater daily temperature range. To improve this method further, the hourly temperature should be used for the determination of T.
Exponentia! decay equation
Lund Event 60, shown in Figure 7 .4, is an example of reliable modeling ofnmoff temperature using the decay theory. Parameters A and B, and regression coefficient, R 2 , ofthe decay relationship (Equation 7.3), were calculated for each recorded event, for which statistics are given in Table 7 .3. The mean R2 values at both catchments suggest that the decay function is useful in estimating the actual runoff temperature. However, it was found that 11 % of aU events did not feature an overall temperature decay, therefore a method had to be derived to detennine the conditions for which the decay equation is applicable. All events which did not correlate well with the exponential ilmction, Le. R2 ::::; 0.25, were analyzed and classified as exceptions to reliable correlation. It was noticed that the events with long periods oflow rainfall intensity usually belong to this group.
It is speculated that, during the periods of low rainfall intensity, the asphalt surface had been re-heated due to low runoff rates, which resulted in an increase of the runoff water temperature. The method was developed in the form of the following conditions which an event must satisfy if it is to be modeled reliably using the decay theory:
1. The event total rainfall, P, must be over 0.6 mm. Initial losses depend on antecedent conditions, a.'1d therefore the modeling of small rainfalls is not reliable unless these conditions are considered (which is not the case in the model applied here). However, the environmental significance of such events is low as a result of the small volume of runoff, therefore their modeling is of no importance. 2. The events longer than 120 minutes, which exhibit runoff rate per unit catchment area less then Q/ow = 2' 1 0-4 IIsm 2 continuously over a period longer then 25 minutes, should be split into two events: (i) Thermal Enrichment afStorm RunojJj;·om Paved Areas the first which ends when this period onow flow begins and (ij) the second which starts when this period is over. Event (i) could be modeled as an individual event, while event (ii) could be modeled only if the duration of the period oflow flow is not longer then 50 minutes. This condition is introduced in order to define the duration of each single event for the purpose of the temperature modeling by the exponential decay equation. However, it has been recognized that it is always difficult to set correct rules for the start and finish of an event for any purpose. These conditions were developed entirely on the Lund data and then tested successfully for the Miljakovac catchment. Implementation oftne conditions to both catchments led to the elimination of 18 oftne original 91 events, accounting for approximately 10% of total recorded rainfall depth. Only three events with low R2 v/ere not excluded in this way and were used in further analysis (they \vere regarded as exceptions to the developed rules). The decay parameters A and B, were then studied in detail to see if they could be expressed in telms of the observed event variables. The linear cross-correlation coefficients from this analysis are shown in Table 7 .4. The rank correlation coefficients had very similar values to these, therefore they arc not presented here. A strong relationship has been expected between T and B because of the physical influence of air temperature on pavement temperature. The Lund catchment showed this to be the case, but contrasting correlation at Miljakovac casts further doubt over the air temperature values. The multiple regression analysis was also carried out and it was found that decay parameter A could not be expressed as a function of any ofthe studied groups of event variables at Lund. The Miljakovac data revealed that A and B were strongly interdependent, however the same was not found at the other catchment. Finally, it was concluded that no universal set of variables could be used for prediction of the decay parameters for both catchments. This could be explained by the different climates ofthe studied cities, but also by low accuracy in event air temperature recording.
Conciusion
Runofftemperaturc is expected to decrease throughout the course of an event and the sharpest decrease will be initiated by discharge peaks. The temperature reaches an equilibrium after some time, although different thermal trends could occur towards the end of the event as cloud conditions, time of event and climate wiii all affect the runoff temperature to some degree.
The event mean temperature, EMT, is dependent on the air temperature at the time of the event and rainfall duration. Other event variables are not useful in determining EI\H &5 shown by the analysis ofthe normalized EMT. The daily mean, maximum and minimum temperatures could be used for determination of hmvcver this could lead to certain errors in the Better indication of the exact Efvrf Ul;;,ICI1.UGJ H",)' of event air temperature should be the explains \vell a decreasing logarithmic trend the course of an event. As expected, decay "p>,,,,,,,,,,,,,,,r on air temperature at the Lund catchment, but this was not the case at Miljakovac. There was no solid indication that parameter A is dependent on any combination of the recorded event variables at Lund. Because the A and B cannot be expressed as functions of a universal group of event variables for both catchments, it was finally concluded that this theory is very difficult for practical implementation. Ilowever, this conclusion is valid ,vhen event air temperatures are determined from daily mean and extremes temperatures (as it was done in this study), and only further analysis with recorded air temperatures will lead to the final evaluation of the proposed method.
